Introduction
============

Renal cell carcinoma (RCC), the most common neoplasm of the adult kidney, accounts for \~3% of all human malignancies ([@b1-ol-0-0-8999]). In the USA, the morbidity and mortality of RCC has increased with \~63,920 new cases and 13,860 mortalities due to RCC in 2014 ([@b2-ol-0-0-8999],[@b3-ol-0-0-8999]). Certain environmental and genetic factors have been demonstrated to be associated with RCC; however, the molecular mechanisms underlying RCC carcinogenesis and progression remains poorly understood ([@b4-ol-0-0-8999]).

Clear cell RCC is the most common renal parenchymal carcinoma, which represents \~70--80% of RCC cases. Papillary (\~15%), chromophobe (5%) and other more rare subtypes, including collecting duct carcinoma (\<1%) comprises the remaining cases ([@b5-ol-0-0-8999]). Although significant improvement has been developed in the treatments of RCC, the clinical behaviors and progression are highly variable ([@b6-ol-0-0-8999],[@b7-ol-0-0-8999]). Patients with early-stage RCC have a 90% 5-year overall survival rate; however, the prognosis for metastatic RCC and advanced stage RCC remains poor with a 5-year survival rate \<10% ([@b8-ol-0-0-8999],[@b9-ol-0-0-8999]). Therefore, investigating the molecular mechanism of RCC is crucial for investigating novel therapeutic targets that will improve the survival rate.

MicroRNAs (miRNAs) are a large family of single-stranded, non-coding small RNAs with a length of 19--22 nucleotides. miRNAs have important functions in the regulation of gene expression via binding to the 3′ untranslated regions (3′-UTRs) of their target mRNA to mediate translational inhibition or degradation of RNA transcripts in a sequence-specific manner ([@b10-ol-0-0-8999],[@b11-ol-0-0-8999]). In humans, \~1,000 miRNAs identified modulate the expression levels of one third of the total protein-coding transcriptome at the post-transcriptional and translational levels, and therefore have vital roles in a wide range of biological processes, including cell proliferation, apoptosis, cycle, angiogenesis, migration, metastasis and differentiation ([@b12-ol-0-0-8999],[@b13-ol-0-0-8999]). A great deal of studies reported that miRNAs were differentially expressed in human cancers, including RCC. For example, miR-451 ([@b14-ol-0-0-8999]) and miR-877 ([@b15-ol-0-0-8999]) expression levels were reduced in RCC, whereas miR-155 ([@b16-ol-0-0-8999]) and miR-142-3p ([@b17-ol-0-0-8999]) were upregulated in RCC compared with normal tissues. miRNAs, that are upregulated in cancer tissues, may function as oncogenes by targeting tumor suppressor genes, whereas lowly expressed miRNAs may act as tumor suppressors by negatively regulating the expression of oncogenes ([@b18-ol-0-0-8999]).

The present study focused on the expression and functional roles of miR-30a in RCC. Firstly, the expression levels of miR-30a in RCC tissues and cell lines were analyzed. Furthermore, the roles of miR-30a in the progression of RCC, including cell proliferation, migration and invasion, were also investigated. ADAM metallopeptidase domain 9 (ADAM9) was validated as a direct target of miR-30a in RCC. The present study may provide a theoretical basis for further study on the pathogenesis and novel treatments for RCC.

Materials and methods
=====================

### Surgical specimens

The present study was approved by Hebei Medical University Fourth Hospital (Shijiazhuang, China). Written informed consent was obtained form all patients. A total of twenty-three paired RCC tissues and corresponding noncancerous tissues (NCTs) were collected from patients with RCC undergoing surgery between July 2012 and April 2014 at Hebei Medical University Fourth Hospital. These patients did not receive adjuvant treatment including radiotherapy or chemotherapy prior to surgery. RCC tissues and corresponding NCTs were immediately snap-frozen in liquid nitrogen until use.

### Cell culture

The human RCC cell lines, A498, 786-O, 769-P and one normal renal cell line (HK-2) were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). RCC cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), while HK-2 was maintained in keratinocyte-SFM (Invitrogen; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and 100 mg/ml streptomycin (both Gibco; Thermo Fisher Scientific, Inc.) at 37°C in a humidified atmosphere containing 5% CO~2~.

### Transient transfection

All small RNA molecules were obtained from Shanghai GenePharma Co., Ltd. (Shanghai, China), including miR-30a mimics, mimics negative controls (NC), ADAM9 siRNA and NC siRNA. The cells (1×10^6^) were seeded in 6-well plates and transfected with these small RNA molecules (50 nM) using Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s procedure. The time interval between transfection and subsequent experimentation was 24 h. Untransfected cells were not used as controls.

### Total RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) was used to isolate total RNA from the surgical specimens and cell lines. The RNA concentration and purity of total RNA was determined using a NanoDrop^®^ ND-1000 (NanoDrop Technologies; Thermo Fisher Scientific, Inc.). For miR-30a expression, cDNA was synthesized using the miScript II RT kit (Qiagen GmbH, Hilden, Germany) followed by PCR analysis with QuantiFast SYBR-Green PCR kit (Qiagen GmbH). ADAM9 mRNA expression was detected using the cDNA reverse transcription kit (Thermo Fisher Scientific, Inc.) followed by PCR analysis using the QuantiFast SYBR Green PCR kit according to the manufacturer\'s protocol. The relative expression of miR-30a and ADAM9 mRNA was calculated using the 2^−∆∆Cq^ method, and normalized to RNU6 and β-actin expression, respectively.

### Cell counting kit (CCK)-8

Cell proliferation was determined using the CCK-8 assay (Dojindo Molecular Technologies, Inc., Rockville, MD, USA). In brief, transfected cells were harvested at 24 h post-transfection, and re-seeded into 96-well plates at a density of 3,000 cells per well. Following incubation for 24, 48, 72 and 96 h at 37°C, CCK-8 assay was performed according the manufacturer\'s instructions. 10 µl CCK-8 solution was plated into each well and incubated for additional 2 h. The absorbance at 450 nm was detected using an immunoassay analyzer (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

### Cell migration and invasion assay

Cell migratory and invasive abilities were evaluated using Transwell chambers (Corning Incorporated, Corning, NY, USA) with a polycarbonate membrane (pore size, 8 µm). Transfected cells were harvested at 48 h post-transfection and resuspended in FBS-free culture medium. A total of 5×10^4^ cells in 200 µl FBS-free DMEM were added into the upper chamber, and the lower chamber was filled with 500 µl culture medium containing 20% FBS. Following incubation for 48 h at 37°C in a humidified atmosphere containing 5% CO~2~, the chambers were fixed with 95% ethanol, stained with 0.5% crystal violet at 37°C for 30 min, washed with PBS (Gibco; Thermo Fisher Scientific, Inc.) and counted with a light microscope (Olympus IX53; Olympus Corporation, Tokyo, Japan). For cell invasion assay, the membranes of the Transwell chambers were pre-coated with Matrigel (BD Biosciences, San Jose, CA, USA). Except for the use of Matrigel pre-coated chambers, cell invasion assay were performed with the same procedure of the cell migration assay.

### Prediction of miR-30a targets

Two independent online databases, miRanda (<http://www.microrna.org>) and TargetScan 7.0 (<http://www.targetscan.org/>), were used to predict miR-30a target genes.

### Luciferase reporter assay

Luciferase reporter vectors, pMIR-ADAM9-3′UTR wild-type (Wt) and pMIR- ADAM9-3′UTR mutant-type (Mut) were synthesized and purified by Shanghai GenePharma Co., Ltd. For the luciferase reporter assay, 293T cells were seeded in 24-well plates at a density of 60--70% confluence. Following incubation overnight, 293T cells were co-transfected with luciferase reporter vectors and miR-30a mimics or NC using Lipofectamine^®^ 2000. After incubation 48 h at 37°C in a humidified atmosphere containing 5% CO~2~, the activity of firefly and Renilla luciferase were measured using the Dual-Luciferase Reporter Assay system (Promega Corporation, Madison, WI, USA) according to the manufacturer\'s instructions.

### Western blot

At 72 h post-transfection, total protein was isolated from transfected cells using RIPA lysis buffer (Beyotime Institute of Biotechnology, Haimen, China). Briefly, equal quantities of protein (20 µg) were separated by 10% SDS-PAGE and then transferred onto polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA). After blocking with 5% non-fat dried milk in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 1 h at room temperature, the membranes were probed with primary antibodies at 4°C overnight. The primary antibodies used in the present study included mouse anti-human monoclonal ADAM9 antibody (cat. no. sc-377233; dilution, 1:1,000; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and mouse anti-human monoclonal GAPDH antibody (cat. sc-166574; dilution, 1:1,000; Santa Cruz Biotechnology, Inc.). Thereafter, the membranes were washed with TBST for three times, incubated with the corresponding horseradish peroxidase-conjugated goat anti-mouse secondary ImmunoglobulinG (cat. ab150113; dilution, 1:1,000; Abcam, Cambridge, UK) at room temperature for 1 h, and visualized by chemiluminescence using the ECL detection system (Pierce; Thermo Fisher Scientific, Inc.). The protein expression levels were normalized to GAPDH. Protein expression was analyzed using BandScan 5.0 software (Glyko, Inc., Novato, CA, USA). All experiments were repeated ≥3 times.

### Statistical analysis

The data are expressed as the mean ± standard deviation and analyzed using SPSS software (version 18.0; Chicago, IL, USA). Statistical analysis involved the use of Student\'s t-test for the comparison of two groups or one-way analysis of variance for multiple comparisons. All analyses were performed using SPSS version 18.0 (SPSS, Inc., Chicago, IL, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### miR-30a is downregulated in RCC

Firstly, the levels of miR-30a expression in RCC tissues and corresponding NCTs were detected using RT-qPCR. As shown in [Fig. 1A](#f1-ol-0-0-8999){ref-type="fig"}, miR-30a expression was significantly reduced in RCC tissues in comparison with the corresponding NCTs (P\<0.05). miR-30a expression in RCC cell lines was also analyzed. As indicated in [Fig. 1B](#f1-ol-0-0-8999){ref-type="fig"}, miR-30a was generally downregulated in RCC cell lines compared with HK-2 (P\<0.05). These results suggested that miR-30a might act as a tumor suppressor in RCC carcinogenesis and progression.

### miR-30a inhibits the proliferation, migration and invasion of RCC cells

The CCK-8 assay was used to investigate whether miR-30a overexpression had any effect on the proliferation of RCC cells. Firstly, miR-30a mimics were introduced into 786-O and A498 cells, which exhibited higher miR-30a expression levels, compared with the NC group. The transfection efficiency of miR-30a was determined using RT-qPCR. As indicated in [Fig. 2A](#f2-ol-0-0-8999){ref-type="fig"}, miR-30a was markedly increased in 786-O and A498 cells that were transfected with miR-30a mimics compared with the NC (P\<0.05). The results of the CCK-8 assay showed that the overexpression of miR-30a decreased the proliferation of 786-O and A498 cells ([Fig. 2B](#f2-ol-0-0-8999){ref-type="fig"}).

Cell migration and invasion assays were performed to investigate the role of miR-30a in the migration and invasion of RCC cells. The results revealed that the migratory and invasive abilities of the miR-30a mimics group were significantly decreased in 786-O and A498 cells in comparison with the NC groups ([Fig. 2C](#f2-ol-0-0-8999){ref-type="fig"}, P\<0.05). These results indicated that the upregulation of miR-30a inhibited the growth and metastasis of RCC cells.

### miR-30a directly targets ADAM9 in RCC cells

miRNAs usually performs its functions via the negatively regulation of their target genes. Therefore, the next aim of the present study was to investigate the direct target genes of miR-30a that contribute to the suppressive effects in cell proliferation, migration and invasion.

Bioinformatics analysis with miRanda and TargetScan indicated that the 3′UTR of ADAM9 contains complementary binding sites for miR-30a ([Fig. 3A](#f3-ol-0-0-8999){ref-type="fig"}). To investigate whether ADAM9 was a direct target gene of miR-30a, luciferase reporter assays were performed. Compared with the NC, the miR-30a mimic markedly repressed the luciferase activity of pMIR-ADAM9-3′UTR Wt (P\<0.05) but did not alter the luciferase activity of the pMIR-ADAM9-3′UTR Mut ([Fig. 3B](#f3-ol-0-0-8999){ref-type="fig"}, P\>0.05). To investigate whether miR-30a was able to regulate ADAM9 expression, RT-qPCR and western blotting were performed in 786-O and A498 cells that were transfected with miR-30a mimics or NC. The mRNA ([Fig. 3C](#f3-ol-0-0-8999){ref-type="fig"}, P\<0.05) and protein ([Fig. 3D](#f3-ol-0-0-8999){ref-type="fig"}, P\<0.05) levels of ADAM9 were significantly reduced in miR-30a mimics-transfected-786-O and A498 cells. These results indicated that miR-30a directly targeted ADAM9 in RCC.

### Repression of ADAM9 contributes to the inhibition of the malignant phenotypes of RCC

To investigate the roles of ADAM9 in the initiation and progression of RCC, ADAM9 siRNA was used to knockdown ADAM9 expression in 786-O and A498 cells. The transfection efficiency of ADAM9 siRNA was analyzed using RT-qPCR and western blotting. The results indicated that ADAM9 was downregulated at mRNA ([Fig. 4A](#f4-ol-0-0-8999){ref-type="fig"}, P\<0.05) and protein ([Fig. 4B](#f4-ol-0-0-8999){ref-type="fig"}, P\<0.05) levels in 786-O and A498 cells that were transfected with ADAM9 siRNA compared with the NC siRNA groups.

Subsequently, CCK-8 assay, cell migration and invasion assays were performed in 786-O and A498 cells that were transfected with ADAM9 siRNA. CCK-8 assay indicated that the downregulation of ADAM9 inhibited the proliferation in 786-O and A498 cells ([Fig. 4C](#f4-ol-0-0-8999){ref-type="fig"}; P\<0.05). Additionally, cell migration and invasion assays revealed that ADAM9 underexpression were able to decrease the migratory and invasive abilities in 786-O and A498 cells ([Fig. 4D](#f4-ol-0-0-8999){ref-type="fig"}; P\<0.05). These findings suggested that ADAM9 might be a functional target of miR-30a in RCC.

Discussion
==========

miR-30a is one of the most prominent miRNAs, and it has been demonstrated to be dysregulated in multiple types of human cancer. For example, it was downregulated in breast cancer and negatively associated with the extent of lymph node and lung metastasis in patients with breast cancer ([@b19-ol-0-0-8999]). miR-30a expression levels were also reduced in lung cancer, compared with a healthy individual, and significantly associated with tumor size, lymphatic metastasis, clinical tumor-node metastasis stage, pathological grading and histological classification. Survival time in patients with lung cancer and a low miR-30a expression was remarkably shorter compared with the high expression group ([@b20-ol-0-0-8999]). miR-30a was downregulated in bladder cancer tissues, and the expression of miR-30a was negatively associated with shorter overall survival and disease-free survival ([@b21-ol-0-0-8999]). The downregulation of miR-30a was also verified in hepatocellular carcinoma ([@b22-ol-0-0-8999]), gastric cancer ([@b23-ol-0-0-8999]) and colorectal cancer ([@b24-ol-0-0-8999]). However, glioma ([@b25-ol-0-0-8999]) tissues and cells expressed high expression levels of miR-30a. These findings suggested that the expression of miR-30a was tissue specific, and it might become a prognostic marker for these types of human cancer.

miR-30a has been reported to be involved in diverse biological functions in many types of human cancer. In breast cancer, miR-30a inhibited cell proliferation, migration and invasion ([@b26-ol-0-0-8999]). In a xenograft mouse model, the suppressive effects of miR-30a on tumor growth and distal pulmonary metastasis of breast cancer cells were demonstrated ([@b19-ol-0-0-8999]). It was indicated that the ectopic expression of miR-30a in non-small cell lung cancer suppressed cell growth and metastasis ([@b27-ol-0-0-8999],[@b28-ol-0-0-8999]). Li *et al* ([@b22-ol-0-0-8999]) demonstrated that the restoration of miR-30a expression decreased cell proliferation and induced apoptosis in hepatocellular carcinoma. In colorectal cancer, the overexpression of miR-30a significantly decreased the proliferation, growth and motility of tumor cells ([@b24-ol-0-0-8999],[@b29-ol-0-0-8999]). These findings indicated that miR-30a acted as a tumor suppressor in human cancer. However, in glioma, miR-30a promoted the proliferation and invasion of glioma cells ([@b30-ol-0-0-8999],[@b31-ol-0-0-8999]). Furthermore, the exogenous expression of miR-30a improved the ability of nasopharyngeal carcinoma cells to metastasize and invade *in vivo* and *in vitro* ([@b32-ol-0-0-8999]). These conflicting results demonstrated that the roles of miR-30a are tissue specific, and this might be explained by the 'imperfect complementarity' of the interactions between miRNAs and their target genes.

Previous studies validated that miR-30a was able to directly target multiple genes, including ubiquitin protein ligase E3C ([@b33-ol-0-0-8999]), Slug ([@b34-ol-0-0-8999]), eyes absent homolog 2 ([@b28-ol-0-0-8999]), Notch1 ([@b21-ol-0-0-8999]), endothelin receptor type A ([@b35-ol-0-0-8999]), runt related transcription factor 2 ([@b36-ol-0-0-8999]) and metadherin ([@b22-ol-0-0-8999]). In the present study, the molecular mechanism by which miR-30a inhibits the proliferation, migration and invasion of RCC cells was revealed to be at least in part by negatively regulating ADAM9. The potential targets of ADAM9 for miR-30a was predicted by miRanda and TargetScan. In addition, the results of the luciferase reporter assay suggested that miR-30a was able to directly target the 3′UTR of ADAM9. Furthermore, the mRNA and protein expression levels of ADAM9 in RCC cells that were transfected with miR-30a mimics were analyzed. The restoration of miR-30a expression decreased ADAM9 expression at the level of mRNA and protein in RCC cells. Furthermore, the knockdown of ADAM9 was able to mimic the suppressive effects of miR-30a overexpression on the proliferation, migration and invasion of RCC cells. Taken together, ADAM9 might be a direct and functional downstream target gene of miR-30a in RCC.

ADAM9, a membrane-anchored metalloproteinase, is one of the first ADAM proteins to be identified and characterized. ADAM9 comprises an N-terminal prodomain followed by a metalloprotease domain, a disintegrin domain and cysteine-rich region, an epidermal growth factor repeat, a transmembrane domain and a cytoplasmic tail with potential SH3 ligand domains ([@b37-ol-0-0-8999],[@b38-ol-0-0-8999]). In RCC, ADAM9 was significantly upregulated in tumor tissues in comparison with adjacent normal tissues in the present study. ADAM9 was reported to be significantly associated with higher tumor grade, positive nodal status and distant metastasis ([@b39-ol-0-0-8999]). In addition, the levels of ADAM9 expression were associated with shorter patient survival in univariate analysis ([@b39-ol-0-0-8999]). In the present study, it was demonstrated that the knockdown of ADAM9 inhibited the proliferation, migration and invasion of RCC cells. The present study suggested that ADAM9 may act as an oncogene in RCC, and the inhibition of ADAM9 might serve as a novel therapeutic method for RCC.

Previous studies also reported that miRNAs might target ADAM9 and contribute to diverse biological functions. For example, in osteosarcoma, miR-126 targeted ADAM9 to inhibit cell proliferation and invasion ([@b40-ol-0-0-8999]). In hepatocellular carcinoma, ADAM9 might be targeted by miR-1274a ([@b41-ol-0-0-8999]). Together with the results of the present study, the miR-30a/ADAM9 axis might be investigated as a potential target for the treatment of RCC.

The present study suggested that miR-30a was a potential tumor suppressor in RCC. miR-30a, by targeting ADAM9, might inhibit the proliferation, migration and invasion of RCC cells. The restoration of miR-30a might be a potential strategy for treating RCC.
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![miR-30a is downregulated in RCC. (A) Expression levels of miR-30a in RCC tissues and corresponding NCTs. (B) miR-30a expression in RCC cell lines (A498, 786-O and 769-P) and a normal renal cell line (HK-2). \*P\<0.05 compared with the respective control. miR, microRNA; NCT, noncancerous tissues; RCC, renal cell carcinoma.](ol-16-03-3038-g00){#f1-ol-0-0-8999}

![Re-expression of miR-30a inhibits the proliferation, migration and invasion of 786-O and A498 cells. (A) Levels of miR-30a expression in 786-O and A498 cells that were transfected with miR-30a mimics or NC as determined using reverse transcription-polymerase chain reaction. (B) Cell Counting kit-8 assay indicated that the overexpression of miR-30a suppressed the proliferation of 786-O and A498 cells compared with the NC. (C) Restoration of miR-30a expression decreased the migratory and invasive abilities of 786-O and A498 cells as determined using the cell migration and invasion assays (magnification, ×100). \*P\<0.05 compared with the respective control. miR, microRNA; NC, negative control.](ol-16-03-3038-g01){#f2-ol-0-0-8999}

![ADAM9 is a direct target gene of miR-30a in RCC. (A) Sequence alignment of the wild-type and mutant 3′UTR of ADAM9, indicating the potential binding sites for miR-30a. (B) Luciferase reporter assays revealed a reduction in luciferase activities following the transfection of pMIR-ADAM9-3′UTR Wt into the 293T cells that overexpress miR-30a. (C) The exogenous expression of miR-30a suppressed ADAM9 mRNA expression in 786-O and A498 cells as determined by reverse transcription-quantitative polymerase chain reaction. (D) Ectopic expression of miR-30a inhibited the expression of ADAM9 protein in 786-O and A498 cells as determined using western blotting. \*P\<0.05 compared with the respective control. RCC, renal cell carcinoma; UTR, untranslated region; ADAM9, ADAM metallopeptidase domain 9; Wt, wild-type.](ol-16-03-3038-g02){#f3-ol-0-0-8999}

![ADAM9 knockdown inhibits the proliferation, migration and invasion of 786-O and A498 cells. (A) ADAM9 siRNA decreased ADAM9 mRNA expression in 786-O and A498 cells as determined using reverse transcription-quantitative polymerase chain reaction. (B) ADAM9 siRNA inhibited the expression of ADAM9 protein in 786-O and A498 cells as determined using western blotting. (C) Cell counting kit-8 assay showed that ADAM9 siRNA suppressed the proliferation of 786-O and A498 cells. (D) ADAM9 siRNA repressed the migratory and invasive abilities of 786-O and A498 cells. \*P\<0.05 compared with the respective control. ADAM9, ADAM metallopeptidase domain 9; NC, negative control; siRNA, small-interfering RNA.](ol-16-03-3038-g03){#f4-ol-0-0-8999}
